• Background and Aims Understanding the spatial distribution of inorganic nutrients within edible parts of plant products helps biofortification efforts to identify and focus on specific uptake pathways and storage mechanisms.
INTRODUCTION
Cereal grains constitute a considerable proportion of many diets, representing a major source of calories and mineral nutrients for humans. However, micronutrient concentrations in cereal grains are often too low to satisfy the recommended daily intake of humans (Welch and Graham, 2004) . Biofortification is the process of increasing the bioavailable concentration of nutrients in the edible portions of crops through either genetic and agronomic approaches, or both (White and Broadley, 2005) . Genetic approaches focus on increasing the efficiency of micronutrient uptake and enhancing accumulation in the edible products. In contrast, agronomic biofortification utilizes targeted fertilization strategies and improved soil management to support the increased acquisition of micronutrients by the crop plant.
Understanding the spatial distribution of nutrients within cereal grains is important when considering biofortification. Generally, most mature grains consist of a large starch component at the core of the grain (endosperm), whereas mineral elements tend to be concentrated in the tough outer layers (pericarp and aleurone layer) and the embryo (Hinton, 1953; Welch et al., 1993; Ozturk et al., 2006) . This has been demonstrated in a range of staple crops including rice (Oryza sativa) (Promu-thai et al., 2007; Hansen et al., 2012) , wheat (Triticum aestivum) (Mazzolini et al., 1985; Stomph et al., 2011; Ajiboye et al., 2015) , maize (Zea mays) (O'Dell, 1972; Lin et al., 2005; Imran et al., 2017) , barley (Hordeum vulgare) (Liu et al., 1974; Persson et al., 2009; Lombi et al., 2011b) and finger millet (Eleusine coracana) (Kruger et al., 2014) . Unfortunately, the micronutrient-rich pericarp, aleurone layer and embryo are often removed during milling and polishing to access the starch and make the grains more palatable (Fig. 1) . Thus, a high proportion of the micronutrients are removed during processing, thereby decreasing the nutritional value of these staple foods (Welch, 2005) .
Maize has the highest yield potential among the cereals, and is the third most important crop in the world after rice and wheat (Sandhu et al., 2007) . It accounts for 15-56 % of the total daily calory intake in diets in 25 developing countries (Prasanna et al., 2001 ) and provides 20 % of the world's calories and 15 % of the protein (Nuss et al., 2012) . As such, it is one of the major target crops of the HarvestPlus biofortification research programme launched in 2004, which has the objective of increasing the concentration of Fe, Zn and vitamin A (β-carotene) in maize (Carvalho and Vasconcelos, 2013) . Sweetcorn (Zea mays var. rugosa or ssp. saccharata) has a sugary endosperm compared with the starchy endosperm found in maize, with the difference being conferred by a single gene (Creech, 1965; Fritz et al., 2010) . Sweetcorn is an important vegetable consumed worldwide (Szymanek et al., 2005) and is a promising alternative to maize as a target crop for biofortification, since the entire kernel is consumed at its immature stage, including the micronutrient-rich embryo and aleurone layer that are lost during processing in maize.
The distribution of micronutrients in a range of cereal grains such as rice (Takahashi et al., 2009; Johnson et al., 2011; Kyriacou et al., 2014) , wheat (Mazzolini et al., 1985; Cakmak et al., 2010; Neal et al., 2013) , barley (Lombi et al., 2011b; Detterbeck et al., 2016) and finger millet (Kruger et al., 2014) has been examined previously using either in situ or in vivo techniques. However, except for one recent study of Zn in maize (Imran et al., 2017) using diphenylthiocarbazone dye staining and laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS), we are unaware of any studies in which nutrient distribution in grains of maize or sweetcorn was examined in such a manner, as previous studies were conducted using destructive analyses (Hinton, 1953; O'Dell, 1972; Wolf et al., 1972; Lin et al., 2005) . Various techniques are suitable for investigating elemental distribution in plant tissues, such as successive milling (Liu et al., 1974) , staining using chromophores or fluorophores (Ozturk et al., 2006; Cakmak et al., 2010; Imran et al., 2017) , LA-ICP-MS (Wirth et al., 2009; Wang et al., 2011; Imran et al., 2017) , scanning and transmission electron microscopy in combination with energy-dispersive X-ray microanalysis (SEM/TEM-EDX) (Ockenden et al., 2004) , micro proton-induced X-ray emission (micro-PIXE) (Mazzolini et al., 1985; da Silveira et al., 2007; Vogel-Mikuš et al., 2009) and nanoscale secondary ion mass spectrometry (NanoSIMS) (Moore et al., 2010; Kyriacou et al., 2014) . Synchrotron-based X-ray fluorescence microscopy (μ-XRF) is particularly useful in this regard as it allows for the in situ (and potentially in vivo) , multi-element assessment of micronutrient distribution in plant samples at atmospheric temperature and pressure with detection limits for many elements approaching approx. 1 mg kg -1 at a resolution of approx. 1 μm or better (Lombi et al., 2011a; Zhao et al., 2014) . Using this technique, elemental distribution has been examined in grains of rice (Takahashi et al., 2009; Wirth et al., 2009; Johnson et al., 2011; Hansen et al., 2012; Kyriacou et al., 2014) , wheat (Neal et al., 2013) and barley (Lombi et al., 2011b) .
The aim of the present study was to determine the difference in inorganic nutrient distribution between maize and sweetcorn at the immature and mature kernel stages using synchrotronbased μ-XRF. We examined the distribution of macronutrients and micronutrients, giving consideration to their accumulation in the embryo and the aleurone layer, and the resulting likely implications for human nutrition. It is hoped that the results of this study will assist in identifying the morphological structures in which different micronutrients accumulated, so that biofortification efforts can be focused on specific mechanisms for uptake and storage.
MATERIALS AND METHODS

Plant material and sample preparation
Plants were grown in the field at the Gatton Research Facility of the Queensland Department of Agriculture and Fisheries (Gatton, Australia) on a Vertisol (Soil Survey Staff, 2014) . Soil analyses were conducted prior to commencement of the experiment (Table 1) . Soil pH and electrical conductivity (EC) were measured using 1:5 soil:water suspensions, with pH also measured using a 1:5 suspension of 0.01 m CaCl 2 and EC also measured using a saturation paste. Organic C concentration was measured using wet oxidation. The effective cation exchange capacity (ECEC) was calculated using summation of acidic and basic cations, whilst exchangeable cation concentrations were measured using 0.1 m BaCl 2 /0.1 m NH 4 Cl followed by compulsive exchange of Ba 2+ by Mg
2+
. Ammonium and nitrate N concentrations were measured using 1 m KCl extraction, and P concentration was measured using 0.5 m NaHCO 3 extraction (Colwell, 1963 measured using 1:5 soil:water extraction. Micronutrient concentrations were measured using 0.005 m diethylenetriaminepenta-acetic acid (DTPA), and B concentration was measured using 0.01 m hot CaCl 2 (Rayment and Lyons, 2011) .
Experiments were performed using a sweetcorn variety 'High zeaxanthin 103146' and a quality protein maize inbred line 'Thai Floury 2'. The quality protein maize was chosen as it has been reported previously to have higher micronutrient concentrations (Arnold et al., 1977; Gupta et al., 1980) . A pre-planting basal fertilizer consisting of 100 kg N ha -1 , 17 kg P ha -1 , 100 kg K ha -1 and 147 kg S ha -1 was applied. Additionally, a urea-NH 4 + -NO 3 -mix (Easy-N ® ) was applied five times throughout the growing season at a rate of 2.5 kg N ha -1 (each application) and KNO 3 was applied four times at a rate of 30 kg ha -1 (each application) through a trickle irrigation system, providing an additional 29 kg N ha -1 and 46 kg K ha -1
. Finally, ZnO was applied once at the 12-leaf stage at a rate of 0.8 kg Zn ha -1 also using the trickle irrigation system. During the growth period, the average temperature range was 19-34 °C and average relative humidity range was 44-65 %.
For both varieties, kernels were sampled at two different stages of maturity, with immature kernels collected at 21 days after pollination (DAP) and samples of fully mature kernels collected at 56 DAP. The 21 DAP stage corresponds to the timing of commercial sweetcorn harvesting, whereas the 56 DAP stage corresponds to kernel maturity when maize is harvested. At harvest, kernels were immediately frozen in liquid nitrogen and freeze-dried to maintain kernel structural integrity.
Bulk elemental analysis
Elemental concentrations of bulk kernels (K, P, Mg, S, Ca, Zn, Fe, Mn, Cu and Na) were determined for all four treatments (two cultivars and two stages of maturity). Seven sub-samples of ten freeze-dried kernels averaging 0.9 g d. wt were digested in 6 mL of nitric acid and 2 mL of perchloric acid before being made up to 20 mL with deionized water. The digested samples were analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 7300 DV, Perkin Elmer; Wellesley, MA, USA). General linear model and two sample t-test analyses were conducted using Minitab 17 to determine the differences in nutrient concentration between varieties and stages of maturity.
μ-XRF analysis
Thin sections of uniform thickness from the front (anterior) and side (lateral) kernel orientation were prepared for all four treatments for examination using μ-XRF. Whole kernels were embedded in an epoxy resin (Araldite ® GY 191, Huntsman, Australia). The resin block was glued to a quartz slide using an instant adhesive (Loctite ® 401 mm, Henkel, Australia). The resin block was cut using a diamond wheel cutting blade, leaving a kernel section of approx. 1 mm thickness, which was polished down to a final thickness of 100 μm using 600 grit size silicon carbide sandpaper. Uniformity of thickness was measured using a micrometer screw gauge.
The elemental distribution within the kernel sections was assessed in situ using μ-XRF at the XFM beamline at the Australian Synchrotron (Melbourne, Australia). The configuration of the beamline has been previously described (Paterson et al., 2011) , including for the analysis of plant material (Kopittke et al., 2011) . Briefly, a monochromatic beam of 12.9 keV X-rays is selected using a Si (111) monochromator, and this beam is focused using Kirkpatrick-Baez mirrors to approx. 2 μm × 2 μm. The secondary X-rays (fluorescence and scattering) were collected using a Vortex-EM (Hitachi) silicon drift detector located at 90° to the incident beam and processed using a FalconX (XIA) digital signal processor. All elemental mapping was conducted with on-the-fly scanning in the horizontal direction (x-axis: 45° to incident beam), with discrete steps in the vertical direction (y-axis). Using this approach, analyses can be conducted with the transit time generally in the range of 1-10 ms per image pixel.
The kernel sections (approx. 6-14 replicate sections for each treatment mounted on each quartz slide) were attached on Perspex ® sample mounts using double-sided tape. Generally, two types of scans were conducted. First, quick 'overview scans' were conducted to examine the samples mounted on the slide and to obtain co-ordinates of selected kernels for further investigation. The overview scans were conducted across all replicate kernel sections on each slide, with a sampling step size interval of 50 μm in the vertical direction at a sample stage speed of 20 mm s -1 and a transit time per image pixel of approx. 1 ms. From this overview scan, a single kernel was selected for further examination with detailed scans. Detailed scans were conducted with a sampling step size interval of 10 μm in the vertical direction at a sample stage speed of 1 mm s -1 and a transit time per image pixel of approx. 10 ms. Thus, a typical detailed scan of approx. 10 mm × 10 mm took about 2 h. Further high-resolution scans of specific structures (such as the embryo) were conducted with a sampling step size interval of 4 μm at a sample stage speed of 0.5 mm s -1 and a transit time per image pixel of approx. 8 ms. On completion of the scans, the CSIRO Dynamic Analysis method in GeoPIXE provided quantitative, true-element images of X-ray fluorescence spectra (Ryan, 2000) as outlined at http:// www.nmp.csiro.au/dynamic.html. Red-green-blue (RGB) diagrams were generated using the 'Three Element RGB Images' function in GeoPIXE, and elemental correlation plots were determined using the 'Element Association' function.
RESULTS
Bulk tissue analysis
Bulk element concentrations in kernels of both sweetcorn and maize at both maturity stages followed the order: (Table 2 ). For the micronutrients Zn, Fe and Mn, there were statistically higher Zn (P = 0.001) and Mn (P = 0.008) concentrations in the mature sweetcorn kernel than in the mature maize kernel. There were also statistically higher Zn (P = 0.001) and Fe (P = 0.036) concentrations in the sweetcorn kernel at the mature stage than at the immature stage.
The recommended dietary intake (RDI) for an average adult is 8-14 mg Zn d -1 and 8-18 mg Fe d -1 (Trumbo et al., 2001) . Since 50-80 % of Zn and Fe are lost during processing (Pedersen and Eggum, 1983; Oghbaei and Prakash, 2016) , an average consumption of 400 g of maize per person per day (Bouis and Welch, 2010) is able to supply about 20 % of the Zn RDI and about 15 % of the Fe RDI. In comparison, consumption of an average cob of sweetcorn (160 g kernel f. wt, 40 g kernel d. wt) is able to supply approx. 10 % of the Zn RDI and 7 % of the Fe RDI.
General inorganic nutrient distribution in kernels
We used μ-XRF to examine the distribution of K, P, S, Ca, Zn, Fe and Mn in immature (21 DAP) and mature (56 DAP) kernels of both sweetcorn (Figs 2 and 3) and maize (Fig. 4) . The high-resolution images obtained by μ-XRF indicated that the structure of the immature sweetcorn kernel could be maintained using the described sample processing technique despite the high sugar, low starch endosperm that has a high moisture content (72-76 %). Unlike the mature maize kernel (Fig. 4) , the appearance of a 'shrunken' mature sweetcorn kernel (Fig. 2) is natural and not a consequence of sample preparation, as kernels gradually lose moisture and shrivel as they mature on the cob.
For both sweetcorn (Figs 2 and 3) and maize (Fig. 4) , K was the most abundant among the elements examined using μ-XRF and was present in most parts of the kernel, including the endosperm and the embryo (although some differences were observed depending upon maturity; see later). This was in contrast to P and S, which were largely confined to distinct regions of the kernel. Specifically, P was concentrated mainly in the scutellum of the embryo, although trace amounts of P were also found in the aleurone layer (Figs 2-4), while S was generally accumulated in the embryo axis and the outer edge of the endosperm just beneath the aleurone layer (Figs 2-4) . Calcium was comparatively uniform in its distribution, with slightly higher concentrations at the inner edge of the scutellum (Figs 2-4) . The highest concentrations of micronutrients (Zn, Fe and Mn) were in the embryo. Zinc was found throughout the entire embryo, with a higher concentration in the scutellum (Figs 2-4), Fe mostly at the outer edge of the scutellum (Figs 2-4), and Mn was concentrated at the inner edge of the scutellum close to the embryo axis (Figs 2-4) . The transfer cell zone had a distinct accumulation of K, Ca and Mn, together with Zn, P and S to a lesser extent (Fig. 3) . It should be noted that the scattered distribution of Fe hotspots throughout the endosperm are likely to be artefacts of contamination during the sandpaper polishing process of sample preparation (Figs 2-4) .
These visual observations were confirmed using line scans across the μ-XRF images, with these scans obtained by laterally averaging a box (shown in green in Fig. 5 ) across the grain. From these line scans, it was evident that the highest concentrations of P and micronutrients (Zn, Fe and Mn) were in the scutellum. In the mature maize kernel, the highest P and micronutrient concentrations were again found in the scutellum, but also in the shoot apical meristem and primordial leaves. Though the accumulation of micronutrients in the aleurone layer was not necessarily immediately apparent from the maps (Figs 2-4) , from analysis of the line scans it could be seen that Zn, Fe and Mn did indeed accumulate in the aleurone Fisher pairwise comparison shows differences in means across each nutrient row; means which do not share a common letter are significantly different.
layer, albeit their concentrations are approx. 2-to 6-fold lower than in the embryo (particularly the scutellum). For P, Zn, Fe and Mn, concentrations in the endosperm were generally at least 20-fold lower than in parts of the embryo. Although concentrations of P, Zn, Fe and Mn all tended to be highest in the embryo, there was generally no apparent direct relationship between concentrations of P and those of the micronutrients (Zn, Fe and Mn). N) , Fe (G, O) and Mn (H, P) in 100 μm thick immature (A-H) and mature (I-P) 'High zeaxanthin 103146' sweetcorn (Zea mays) kernel cross-sections. 1, aleurone layer; 2, endosperm; 3, scutellum; 4, embryo axis; 5, basal plate; 6, shoot apical meristem; 7, plumule/primordial leaves; 8, root apical meristem; 9, black abscission zone. The 1 mm scale bar in (A) applies to (A-H), and the scale bar in (I) applies to (I-P). Micrographs were taken using a Leica MZ6 dissection microscope, objective achromat ×1.0, working distance = 90 mm.
Next, we used elemental association plots to examine the potential relationships between P, Fe and Zn. By examining various pixel populations on these plots, we can investigate and discriminate between tissues in which two elements co-locate at different ratios (Figs 6 and 7) . It should be noted that scales of the x-and y-axis in panels (a) and (b) are different for these figures, hence the correlation is not 1:1. Interestingly, the relationship between P and Zn or P and Fe concentrations differs between the immature sweetcorn kernel and mature maize kernel. In the immature sweetcorn kernel, there appears to be a linear relationship between P and Zn or P and Fe concentrations. There were high Zn and Fe concentrations when the P concentration was high, and vice versa, in all of the aleurone layer, endosperm, embryo axis and scutellum (Fig. 6a, b) . This was in contrast to the mature maize kernel, as Zn and Fe concentrations do not necessarily increase with higher P concentrations. For example, although average concentrations of Zn and Fe tended to be similar in the embryo axis (pixel population B) and the scutellum (pixel population C), concentrations of P tended to be higher in the scutellum. Indeed, Zn and Fe concentrations varied greatly at any given P concentration (Fig. 7a, b) . In contrast to these observations for P and micronutrients, concentrations of Zn and Fe tended to be related for both immature sweetcorn and mature maize kernels, with a general linear trend between these two micronutrients (Figs 6c and 7c) .
Differences between sweetcorn and maize, and effect of maturity on inorganic nutrient distribution
Though the elemental distribution in sweetcorn (Figs 2 and 3) and maize (Fig. 4) was largely similar, the most striking difference was in the accumulation of S. In the immature (21 DAP) sweetcorn kernel, trace amounts of S were located in the embryo (Figs 2 and 3) , while in the immature maize kernel, S was largely found around the outer edge of the endosperm below the pericarp and aleurone layer (Fig. 4) . However, at the mature stage (56 DAP), there was no apparent difference in S distribution between the maize and sweetcorn kernels (Figs 2 and 4) .
We also examined if the maturity of the kernel influenced the inorganic nutrient distribution. Indeed, the distribution of several nutrients was found to change between 21 and 56 DAP, with the nature of these changes being similar for both sweetcorn and maize. At the immature stage (21 DAP), K was present in most parts of the kernel, including the endosperm (Figs 2-4) . in contrast, at the mature stage (56 DAP), K was located almost exclusively in the pericarp and embryo (Figs 2 and 4). Accumulation of S at the immature stage was concentrated in the embryo and around the outer edge of the endosperm below the pericarp and aleurone layer (Figs 2-4) . However, at the mature stage, S was more widely distributed throughout the endosperm and was apparent in the primordial leaves (Figs 2 and 4) . For Ca, the concentration in the abscission zone tended to increase with maturity (Figs 2 and 4) . For the micronutrients (Zn, Fe and Mn), the distribution was similar for both 21 and 56 DAP, with concentrations highest in the embryo. However, it was noted that there appeared generally to be a slight increase in the concentration of micronutrients in the aleurone layer at the mature stage, particularly for Zn (Figs 2 and 4) . 
Inorganic nutrient distribution in the embryo
Higher resolution scans were used to examine the distribution of inorganic nutrients within the embryo of an immature sweetcorn kernel and a mature maize kernel (Fig. 8) . Tri-colour images (RGB) were used to allow easier comparison between the nutrients. In the immature sweetcorn embryo, Zn and Fe accumulated to the highest concentrations at the outer edge of the scutellum, with this being less pronounced in the mature maize embryo. These images support the observation made earlier that in the immature sweetcorn embryo, P concentrates in the scutellum whereas S concentrates in the embryo axis. It also supports the observation that in mature maize, the embryo axis has a lower P concentration compared with the scutellum whilst Zn and Fe concentrations remain high in these tissues (Fig. 8) .
DISCUSSION
Elemental distribution in immature and mature sweetcorn and maize kernels
This study has provided in situ analyses of the distribution of inorganic nutrients in kernels of sweetcorn and maize using μ-XRF, thereby allowing for examination of the distribution of various macro-and micronutrients not obtained previously with traditional techniques. For example, earlier studies dissected germinated sweetcorn or maize kernels into the various tissues before elemental analysis using atomic absorption spectrophotometry (O'Dell, 1972; Lin et al., 2005) . A recent study addressed the distribution of Zn in maize kernels by using diphenylthiocarbazone dye staining and LA-ICP-MS (Imran et al., 2017) . However, interpretation of this previous study is difficult, with their LA-ICP-MS analyses only used to obtain individual 1-D line scans (compare the 2-D maps in the present study). Furthermore, the use of chromophores to examine elemental distribution relies on the assumption that the ligand is able to bind to all the elements of interest, which they often cannot (for an example using Al in maize roots, see Eticha et al., 2005) . In the present study using μ-XRF, we were able to obtain maps of element distribution within kernels of maize and sweetcorn at a resolution of 4 μm × 4 μm, with most maps taking about 2 h to collect.
First, we considered the distribution of the macronutrients, K, S, P and Ca. At the immature stage of both sweetcorn and maize kernels, K was found to be somewhat ubiquitous in the kernel, with its distribution allowing delineation of the complete kernel anatomical structure (Figs 2-4) . However, as the kernel matured and starch was deposited, K was translocated out of the endosperm, with the highest concentrations of K in the mature kernel found in the pericarp and the embryo (Figs 2 and 4) . The observation that K concentrations were low in the starchy endosperm of mature kernels is consistent with those reported for mature grains of wheat (Mazzolini et al., 1985) and barley (Lombi et al., 2011b) . In mature maize kernels, S was also distributed comparatively uniformly within the kernel, although the embryo contained higher concentrations than the endosperm (Fig. 4) , which is similar to what has been reported for wheat (Mazzolini et al., 1985) and barley grains (Detterbeck et al., 2016) . Interestingly in immature maize kernels, S appeared to be deposited at the edge of the endosperm, with only trace amounts found in the embryo (Fig. 4) . This is in contrast to immature sweetcorn where S was found mainly in the embryo (Fig. 2) . The side view allowed better resolution of S localization within the embryo, showing higher concentrations in the coleoptile, shoot and root apical meristems, and coleorhiza (Fig. 3) .
In contrast to K and S, P was found to be highly concentrated in the embryo, particularly the scutellum (Figs 2-4) , being similar to what ha been reported previously for wheat grain (Mazzolini et al., 1985) . The distribution of P is of particular interest from a micronutrient nutritional perspective due to the impact of phytate salts on micronutrient bioavailability. Indeed, phytate is a P compound that exhibits strong binding affinity for mineral elements, forming insoluble phytate salts that reduce biodigestibility and bioabsorption of cation micronutrients (including Zn and Fe) in cereal grains (Lönnerdal, 2002; Schlemmer et al., 2009) . The results of the present study appear to support previous findings in maize that 85-95 % of phytate is found in the scutellum of the embryo (O'Dell, 1972; Lin et al., 2005) , with our analyses confirming that most P is present in the embryo (particularly the scutellum) (Figs 2-4) . A low P concentration was found in the aleurone layer (Figs 2-4) , unlike wheat where the aleurone layer accumulated substantial amounts of P (Joyce et al., 2005; Singh et al., 2014) .
The overall low concentration of Ca is consistent with the findings of previous studies (O 'Dell, 1972; Mazzolini et al., 1985; Wright, 1987) . However, we found higher concentrations of Ca in the scutellum (Figs 2-4) which was in contrast to the uniform distribution reported in these previous studies. Calcium, Zn and Mn were also concentrated at the transfer cell zone of the immature kernel (Fig. 3) . The presence of Ca and Zn is consistent with the previous assessment of transfer cell constituents (Davis et al., 1990) , although these authors did not examine Mn. Though the role of Ca in grain abscission has not been reported in any cereal, the role of Ca in leaf abscission in cotton and bean has been investigated (Beyer and Quebedeaux, 1974) and would probably be similar for the case of Ca accumulation at the abscission zone (Fig. 4) . Next, we considered the micronutrients Zn, Fe and Mn. In both immature maize and sweetcorn kernels, Zn was found primarily in the scutellum (Figs 2-4) , whereas in mature kernels substantially higher concentrations were found in the embryonic meristems, primordial leaves and coleorhiza (Figs 2 and 4) . This finding was similar to that found in various cereal grains previously studied (Takahashi et al., 2009; Lombi et al., 2011b; Neal et al., 2013; Wu et al., 2013) although it is in contrast to that reported in mature wheat grain by Mazzolini et al. (1985) who found that the lowest concentrations of Zn were in the leaf primordium. Iron was located along the outermost side of the scutellum (Figs 2-4) corresponding to the ventral side in other cereal grains (Takahashi et al., 2009; Lombi et al., 2011b; Neal et al., 2013) . Low concentrations of Fe were also found in the shoot and root apical meristems (Figs. 2O and 4O ), in contrast to barley (Lombi et al., 2011b) . The distribution of Mn in the immature embryo was concentrated on the inner edge of the scutellum within close proximity to the embryo axis (Figs 2-4) . At the mature stage, Mn was also identified at the embryonic root zone including the radicle, root cap and coleorhiza (Figs 2 and 4), similar to that found in other cereal grains (Mazzolini et al., 1985; Takahashi et al., 2009; Lombi et al., 2011b; Neal et al., 2013; Wu et al., 2013) . However, only trace amounts of Mn were located in the vascular bundle (Fig. 8F) , unlike wheat or barley (Mazzolini et al., 1985; Lombi et al., 2011b) .
Inorganic nutrient distribution and biofortification
Bulk micronutrient concentrations determined using ICP-OES were similar to those in the literature (Teklić et al., 2013) . Apart from Zn in sweetcorn, the kernel micronutrient concentration did not differ substantially between the two stages of maturity (21 and 56 DAP, Table 2 ). This was in contrast to previous findings in wheat where the highest Zn concentration was determined during the milk stage, being comparable with the eating stage (21 DAP) in sweetcorn (Ozturk et al., 2006) . The higher concentration of Zn in the mature sweetcorn kernels (Table 2) is possibly due to a higher rate of Zn deposition in the kernel as compared with dry matter accumulation throughout the period of kernel development and is currently being investigated in a further study.
The observation that the micronutrients (Zn, Fe and Mn) tended to accumulate in the embryo has implications for biofortification and human nutrition. For example, compared with the consumption of maize at the mature grain stage, in which the embryo and the aleurone layer where most of the Zn, Fe and Mn are stored (Fig. 4) are removed during processing, consumption of immature sweetcorn offers a greater benefit for human Zn nutrition and can be a potential target for further biofortification. It has been suggested that to improve the nutritional value of sweetcorn kernels further, a possible pathway is by breeding for a variety with a larger embryo to endosperm size ratio, as the larger embryo will allow the accumulation of more micronutrients (Nagasawa et al., 2013; Moore and Rebetzke, 2015) .
Not only is the distribution of each nutrient important, but it is also necessary to consider their relationship with each other, particularly in regard to P which can be present as phytate (an anti-nutrient). Bulk measurements of entire kernels showed that concentrations of P were about 120-160 times that of Zn and 170-185 times that of Fe (Table 2) . From μ-XRF measurements, it was apparent that P concentrations in the embryo were approx. 50-65 times higher than Zn and 30-75 times higher than Fe in the immature sweetcorn scutellum, and 230-255 times higher than Zn and 80-180 times higher than Fe in the mature maize scutellum (Fig. 5) . The relationship between the P concentration and that of the micronutrients within the embryo itself was generally not strong, with no clear linear relationship observed (see Fig. 5 and pixel populations B and C in Figs 6 and 7) . However, it was also noted that some of the highest concentrations of Zn (for example) in the embryo did not correspond to corresponding increases in P concentration, such as in the shoot apical meristem and the primordial leaves (see Fig. 5 and pixel population B in Fig. 7) . Nevertheless, it is important to note that absolute P concentrations were approx. 4-fold greater than Zn concentrations in these tissues. Indeed, although subtle changes in the relationship between P and Zn or Fe in the embryo were not strong, it should be noted that overall, concentrations of the micronutrients and of P were highest in the embryo, and hence the potential binding of these micronutrients to phytate is likely to be important. Although this relationship between Fe and phytate is in agreement with previous findings in rice (Hansen et al., 2012; Iwai et al., 2012) and barley (Persson et al., 2009) , it has also been reported that Zn in cereal grains may not be associated as closely with phytate as Fe (Iwai et al., 2012; Pongrac et al., 2013) , and may instead be bound to S-containing ligands or the amino acid nicotianamine (Lee et al., 2011; Hansen et al., 2012; Persson et al., 2016) . However, the lack of pink/purple pixels in the RGB images showed that there was not substantial co-localization of Zn and S, except for small regions in the embryo axis of the mature maize kernel (Supplementary Data Fig. S1e ). The presence of high Zn concentrations could be due to the role of Zn in protein synthesis and membrane integrity required for the rapid cell division and growth in these tissues (Cakmak, 2000) . The relationship between Zn and Fe in the scutellum in both maize and sweetcorn (Fig. 7) was consistent with previous findings in rice (Kyriacou et al., 2014) , and may be regulated by protein transporters of the same family (Guerinot, 2000) .
The present study is the first to use in situ μ-XRF analyses to examine the distribution of inorganic nutrients in kernels of sweetcorn and maize. Our results show that the early accumulation of most of the micronutrients of interest to human nutrition occurs primarily in the scutellum of the embryo, and it is only in the mature kernels that aleurone layer deposition of micronutrients becomes significant. Distribution of nutrients within the embryonic tissues was heterogeneous, with concentration gradients present within the scutellum itself, and these changed as the kernel matured. From a dietary perspective, the results of this study confirm the nutritional advantage of consuming whole kernels (i.e. sweetcorn) since the removal of the embryo and outer pericarp and aleurone layer during maize processing would result in a marked decrease in the micronutrient content. Concentrations of Zn and Fe were highest in the kernel, coinciding with elevated P concentrations, suggesting that binding with phytate is likely. However, considering the comparatively subtle changes within the kernel itself, we could not find a strong relationship between changes in P and changes in Zn or Fe. Further studies are needed to examine the speciation and bioavailability of these micronutrients to understand the nutritional value and potential of sweetcorn as a target crop for micronutrient biofortification. A detailed understanding of the physiological mechanisms that regulate the accumulation of these micronutrients particularly in the embryo for the purpose of biofortification should also be the focus of future studies.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : RGB colocalization maps of P, S and Zn in immature 'High zeaxanthin 103146' sweetcorn kernel and mature 'Thai Floury 2' maize kernel cross-sections.
